Background/Objectives: Sugars in diet are very difficult to measure because of the unreliability of self-reported dietary intake. Sucrose and fructose excreted in urine have been recently suggested as a biomarker for total sugars intake. To further characterize the use of this biomarker, we investigated whether urinary sugars correlated better to extrinsic compared to intrinsic sugars in the diet. Subjects/Methods: Seven male and six female healthy participants were living for 30 days in a metabolic suite under strictly controlled conditions consuming their usual diet as assessed beforehand from four consecutive 7-day food diaries kept at home. During the 30-day study, all 24 h urine specimens were collected, validated for their completeness and analysed for sucrose and fructose. Results: The mean total sugars intake in the group was 202±69 g day À1 . Daily intake of extrinsic, intrinsic and milk sugars contributed 60.1, 34.4 and 5.5%, to the total sugars intake, respectively. The individuals' 30-day mean sugars excretion levels were significantly correlated with the 30-day means of extrinsic sugars (r ¼ 0.84; Po0.001) but not with the intrinsic sugars intake (r ¼ 0.43; P ¼ 0.144). In the regression, only extrinsic sugars intake explained a significant proportion of the variability in sugars excretion (adjusted R 2 ¼ 0.64; P ¼ 0.001); daily excretion of 100 mg sucrose and fructose in urine predicted 124 g of extrinsic total sugars in the diet. Using fewer urinary and dietary measurements in the analysis did not change the overall trend of the findings. Conclusions: In this group of volunteers, sucrose and fructose in urine better correlated to extrinsic than to intrinsic sugars intake.
Introduction
The role of sugars in chronic disease is controversial and largely inconclusive due to the unreliability of self-reported intake of sugars (Lineback and Jones, 2003) . Recently, a new dietary biomarker for total sugars has been developed (Tasevska et al., 2005) . The amount of sucrose and fructose in 24-h urine was closely related to total sugars in diet; 200 g of sugars predicted about 100 mg of sucrose and fructose in the urine. Although sucrose and fructose in urine were highly correlated to total sugars intake, the ability of this biomarker to characterize sugars intake from different food sources is still unknown.
The group of total sugars comprises monosaccharides and disaccharides and has been subdivided into intrinsic, extrinsic and milk sugars according to their cariogenic and metabolic effects (Department of Health, 1989) . Intrinsic sugars are naturally incorporated into the cellular structure of foods, such as sugars in intact fruits and vegetables. Trapped within the food matrix with other food constituents, intrinsic sugars are usually present in smaller amounts in these foods and are slowly released causing no adverse metabolic or cariogenic effect. Extrinsic sugars are free sugars, usually added to processed foods and, less often, naturally occurring as free, thus rapidly available for metabolism. Milk sugars are also extrinsic sugars but because of their insignificant cariogenic effect, they are grouped separately. According to the current WHO dietary guidelines, the extrinsic sugars intake should be restricted up to 10% of the total energy, whereas there is no restriction on either intrinsic or milk sugars intake (WHO, 2003) .
On ingestion, most sucrose is absorbed in the small intestine as glucose and fructose, however, a very small fraction escapes enzymatic hydrolysis, crosses the intestinal wall and once in general circulation is rapidly almost quantitatively excreted in urine (Elmer et al., 1939; Deane and Smith, 1955) . As early as in 1927, Utter (Menzies, 1974) demonstrated that the concentration of sucrose in ingested solutions, independent of the amount, influenced the degree of resulting sucrosuria, suggesting that sucrose from food that is easily digested will increase the intestinal concentration of sucrose which will favor its 'leakage' through the gastrointestinal wall. Furthermore, a very small proportion of fructose in the gut, which originates from both dietary fructose and hydrolysis of dietary sucrose may escape fructose hepatic metabolism and appear in the urine.
We have previously shown that the amounts of sucrose and fructose in 24-h urine are highly correlated with total sugars in the diet. To further characterize the use of this biomarker, hereby, in 13 subjects living in a volunteer suite under controlled conditions, we investigated whether urinary sugars respond differently to extrinsic compared to intrinsic sugars due to the differences in their rate of digestion and absorption.
Materials and methods

Subjects
Seven males and six females aged 23-66 years (43.2±15.9 year) were recruited from the Cambridgeshire area. All subjects gave their full informed written consent. The study was approved by the Cambridge Local Research Ethics Committee (LREC No. 02/323).
Study protocol
To assess their usual diet, the subjects kept 7-day estimated food diaries for 4 week while living at home. They, then, moved into the volunteer suite of the MRC Dunn Human Nutrition Unit for a 30-day study. Data from the food diaries were used to replicate their usual daily diets during the study. The volume of food prepared was approximately one and a half times to that expected to be eaten by the subject and was weighed to the nearest gram, labeled with the name and the day and left in a separate refrigerator for each individual. During the day, subjects helped themselves and returned the uneaten food in their refrigerator. The next day, the uneaten food was weighed out and the amount of food eaten was calculated.
Dietary intake was calculated from the UK food composition tables using DINER (Data Into Nutrients for Epidemiological Research) (Welch et al., 2001) . Total sugars included monosaccharides (glucose, fructose and galactose), and disaccharides (sucrose, maltose and lactose). Intrinsic sugars were calculated by summing total sugars from fruits and vegetables (excluding fruit juices) and cereal and cereal products (excluding breakfast cereals, biscuits, cakes, sweet buns, pies, flans, pastries, scones and cereal-based puddings). Milk sugars were calculated as total sugars from milk and milk products, excluding fruit yoghurts, ice creams, chilled desserts and puddings. Total sugars from all other food sources, and the above mentioned foods excluded from the former two groups were considered as extrinsic sugars.
Continuous urine collections were made throughout the study; 30 per subject. The urine collection procedure and the assessment of completeness of the 24-h urine collections have been described elsewhere (Tasevska et al., 2005) .
Physical activity was recorded on a daily basis as time (minutes) engaged in different type of exercise and assessed as reported by Wareham et al. (2003) . Subjects weighed themselves daily and recorded their body weight in the study diary.
Analytical methods
Para-amino benzoic acid concentration in urine which was used to assess the completeness of urine was measured by a colorimetric technique (Bingham and Cummings, 1983) . Sucrose and fructose in urine were measured with a test kit for enzymatic analysis of sucrose, glucose and fructose (Sucrose/D-Glucose/D-Fructose; Biochemica Mannheim, R-Biopharm, AG, Darmstadt, Germany) using Cecil CE 2041 2000 Series spectrophotometer to measure the absorbance (Bergmeyer, 1974) . More details on the validity of the analysis have been previously reported (Tasevska et al., 2005) .
Statistical methods SPSS Version 14.0 for Windows was used for data analysis. Values are presented as means±s.d. Differences were considered significant at Po0.05.
Both daily measurements and individuals' means of urinary sugars were skewed; hence, they were log 10 transformed. Daily intrinsic and extrinsic sugars were normally distributed, whereas their individuals' means were skewed.
Extrinsic sugar data were normalized by inverse transformation and intrinsic sugars by square root transformation. Reproducibility of the intake and excretion measures was assessed by the coefficient of variation and the intraclass correlation coefficient. Intraclass correlation coefficient was calculated as ratio of between-subject variance and the sum of within-and between-subject variance (s
). An analysis of variance random effect model was employed to quantify the variance components in order to calculate s 2 WS /s 2 BS . The correlation between non-transformed dietary and urinary sugars was assessed by Spearman correlation coefficients. To compare the significance of the difference between the correlation coefficients for urinary sugars versus extrinsic sugars intake and urinary sugars versus intrinsic sugars intake a t-test for two dependent correlations from the same sample was used (Chen and Popovich, 2002) .
A hierarchical regression model with the transformed individuals' mean sum of sucrose and fructose in urine as a dependent and transformed mean extrinsic and intrinsic sugars intake as independent variables was fitted. Another model with the sum of extrinsic and intrinsic sugars as independent variables was fitted as a comparison with the model with extrinsic sugars only. Sex, age, body weight and physical activity were not included, as they did not have any significant effect (adjusted R 2 ¼ 0.10; P ¼ 0.33). The extrinsic sugars intake was the only significant explanatory variable, thus, a regression equation was derived by plotting the nontransformed means of extrinsic sugars intake against the excretion. Urinary sugars were the predictors in the model, as that is how this potential biomarker would be used in validation purposes. Randomization of single urinary and dietary measurements was done for each subject separately, 10 times. Also, randomization of 4 non-consecutive days of diet measurements was performed on 10 occasions for each subject and means calculated. Then, the randomized single urinary measurements were correlated in 100 combinations with randomized single and 4-day means of the dietary measurements, and Spearman correlation coefficients were generated. The same procedure was applied for fitting regression models with single and 4-day dietary sugars on single-day urinary sugars, and regression estimates were produced. To average individual correlation coefficients, first they were converted into z values using Fisher's z transformation, averaged and then the means were back transformed to the correlation coefficient scale.
Results
All 13 subjects completed the study. The mean body weight did not change in the group as a whole, 76.2±15.1 kg at the start and 76.3 ± 15.0 kg at the end of the study (P ¼ 0.533). The mean coefficient of variation of the day-to-day body weight change was 0.64±0.25%. There was no difference in body weight between men and women (P ¼ 0.185).
Two of the subjects were physically inactive, three moderately inactive, three moderately inactive to moderately active, and five moderately active to active. The mean energy intake for the group was 11.6±1.7 MJ. Fat, protein and carbohydrate intake were 106.5±28.8, 97.9 ± 15.3 and 372.8 ± 72 g day À1 , respectively. The mean total sugars intake was 202 ± 69 g day
À1
, ranging from 95±33 to 323±25 g day
. Mean daily intake of extrinsic, intrinsic and milk total sugars are shown in Table 1 . There was no difference between males and females in both extrinsic (P ¼ 0.74) and intrinsic sugars intake (P ¼ 0.48), hence the means are presented for the group as a whole. Intrinsic sugars (fruits, vegetables and cereals) contributed 14-53% (group mean 34.4%) to the total sugars intake, whereas milk sugars only up to 10% (group mean 5.5%) (Figure 1) . Total sugars intake came predominantly from extrinsic sugars, however, their contribution varied between subjects, ranging from 42-80% (group mean 60.1%). Of all food groups, sugars, preserves and confectionary (36%) and drinks (34%) were the main contributors to extrinsic sugars ( Table 2 ). The intrinsic sugars mainly came from fruits.
The intakes of both extrinsic and intrinsic sugars showed high day-to-day variability and were also highly variable between subjects with similar variability estimates between the two (Table 3) .
The individuals' 30-day mean sugars excretion levels were highly correlated with the 30-day means of extrinsic sugars intake (r ¼ 0.84; Po0.001) (Figure 2 ). The correlation of extrinsic to individual urinary sugars was 0.654 (P ¼ 0.015) for sucrose and 0.670 (P ¼ 0.012) for fructose. The correlation of urinary to intrinsic sugars was weaker (r ¼ 0.43; P ¼ 0.144) ( Table 1 ) and significantly lower (t ¼ 11.98; Po0.001). The correlation of intrinsic sugars to urinary sucrose was 0.478 (P ¼ 0.098) and to urinary fructose 0.401 (P ¼ 0.174).
In the regression, only the extrinsic sugars intake explained significant proportion of the variability in sugars excretion (adjusted R 2 ¼ 0.64; P ¼ 0.001), whereas adding the intrinsic sugars intake did not make any difference (adjusted R 2 ¼ 0.61; P ¼ 0.004). The model with the sum of extrinsic and intrinsic sugars intake as an independent variable explained similar proportion of the variance in urinary sugars (adjusted R 2 ¼ 0.62; P ¼ 0.001) compared to extrinsic sugars. In the unadjusted regression equation (y ¼ 0.68x þ 55.7), 100 mg sucrose and fructose in urine predicted 124 g of extrinsic sugars in the diet. We also investigated the performance of this biomarker if only single 24-h urine was available compared to singleday and 4-day of intake. Again, urinary sugars were more strongly correlated with extrinsic than to intrinsic sugars (Table 4) . When single 24-h urine measurement was used to predict dietary sugars, a similar prediction estimate was generated (100 mg fructose and sucrose in 24-h urine predicted 119.4 g extrinsic sugars intake with single-day measure versus 120.7 g with 4-day versus 124 g with 30-day measurements).
Discussion
In 13 subjects consuming their habitual diet for 30 days under strictly controlled conditions, the daily mean excretion of sucrose and fructose in urine was highly correlated with their extrinsic but not with their intrinsic sugars intake.
Sugars originate from fruits, vegetables and cereals as well as from processed foods, such as sweets, biscuits, soft drinks and cakes. Due to selective misreporting, respondents tend to over-report the intake of fruits, vegetables and complex carbohydrate foods and under-report processed foods (Pryer et al., 1997; Poppitt et al., 1998) , so that the estimation of the total sugars intake (from different food sources) may not be affected because errors are counterbalanced. Therefore, a biomarker characteristic for the extrinsic sugars would enable nutritionally and biologically informative characterization of sugars intake, and, moreover, be used as a biomarker for risk exposure. 
Extrinsic sugars dietary biomarker N Tasevska et al
The fact that urinary sugars were found to better reflect extrinsic than intrinsic sugars intake may be explained by the differences in their rate of digestion and release from the food matrix, their absorption in the gut and uptake by the liver. In the absence of a food matrix, foods containing extrinsic sugars rapidly release sucrose in the gut raising its concentration, which may then cross the intestinal wall, non-hydrolyzed, more readily (Menzies, 1974) . Similarly, rapid digestion and absorption of the extrinsic fructose will cause high influx of fructose in the portal vein. Although the ability of the liver to metabolize fructose is high (Brody, 1999) , some amounts of fructose may escape from hepatic to systemic circulation (Gaby, 2005) . Serum fructose was shown to increase from 2-to 19-fold and respond in a dosedependent manner to increasing sucrose and fructose intake in the range of 0.25-1.0 mg kg À1 (Macdonald et al., 1978) .
The same authors also showed that fructose from free fructose resulted in higher serum fructose than the same amount of fructose from sucrose, most probably due to the sucrose hydrolysis step, and therefore, slower rate of fructose absorption as well as its efficient uptake by the liver Figure 2 Regression and 95% CI of 30-day mean extrinsic sugars intake against 30-day mean sucrose and fructose excretion in urine. Individual points represent individuals' 30-day means. Extrinsic sugars dietary biomarker N Tasevska et al (Macdonald et al., 1978) . In our study, 34% of the extrinsic sugars intake was derived from drinks that are associated with faster gastric emptying causing high absorption load of sugars in the gut and therefore higher probability for sucrose leakage through the gastrointestinal membrane (Menzies, 1974) . The high influx of sugars in the portal vein following absorption puts pressure on the liver's capacity for sugars metabolism, which then may lead to higher urinary sugars excretion. In contrast, fruit and vegetables, due to their bulky nature, tend not to provide large quantities of sugars in any single meal and are associated with slower gastric emptying (Englyst and Englyst, 2005) . This could result in less sucrose leakage in the gut and more efficient uptake of sugars by the liver, therefore, reducing occurrence of sugars in urine. However, although in our study urinary sugars were significantly correlated with extrinsic but not with intrinsic sugars, it may have been possible that the higher intake of extrinsic sugars might have prevented the correlation with intrinsic sugars, as their intake is not independent.
The intake of both extrinsic (123 g day À1 ), and intrinsic and milk sugars (79 g day
À1
) in our group of subjects was much higher than the intake reported in the UK 2000/2001 survey (79 and 39 g day À1 in males; 51 and 37 g day À1 in females, respectively) (Henderson et al., 2003) . However, the fact that no body weight was lost or gained on average in the group indicates that, during the study period, a successful simulation of the subjects' normal dietary behavior was achieved and that the diets were a valid reflection of their usual dietary habits. The intake of extrinsic and intrinsic sugars was found to be less reproducible than that of total sugars (Table 3) , suggesting that subjects tended to have both intrinsic and extrinsic sugars present in their diets but their daily intake varied depending on the food choices for the day. However, the favorable s 2 WS /s 2 BS , means that it would be possible to correctly classify subjects with regard to their extrinsic/ intrinsic sugars intake within the group, with fewer measurements (Nelson et al., 1989) . Similarly, fewer measurements would be needed to characterize individuals with respect to their sugars excretion (Tasevska et al., 2005) .
This study was not designed to compare the effect of extrinsic and intrinsic sugars on urinary sugars, and a study investigating the response of urinary to extrinsic versus intrinsic sugars would be useful to confirm these findings. Yet, a correlation of 0.84 between urinary and extrinsic sugars suggests sensitivity of this biomarker. In the regression, no significant determinants of sugars excretion other than the amount of extrinsic sugars in diet were identified. The model with the sum of the extrinsic and intrinsic sugars explained similar variance in urinary sugars as the model with extrinsic sugars. Some of the unexplained variability may be due to individual variation in sugars digestion and absorption, the way food was prepared, which affected the food matrix (Haber et al., 1977) , or the physical characteristics of the meal and interactions between its different components that may ultimately influence the rate of sugars absorption (Englyst and Englyst, 2005) . Although the ability of the liver to metabolize fructose has shown to be very high (Southgate, 1995) , some individual variation in the efficacy of hepatic enzymes and uptake in the liver may exist.
Using fewer urinary and dietary measurements in the analysis did not change the overall trends in the data. Urinary sugars from single 24-h urine better correlated with extrinsic than with intrinsic sugars. Although the observed correlation with extrinsic sugars intake decreased, it still remained significant suggesting that when single or fewer measurements are available this biomarker can be used as a concentration biomarker. Furthermore, the regression estimate for predicting extrinsic sugars intake based on a single-day urinary sugars measurement was similar to the estimate of the nonrandomized sample. As already discussed, this biomarker cannot be grouped within the existing biomarker groups (Kaaks et al., 1997; Bingham, 2002) , therefore, a new group, predictive biomarkers, was suggested (Tasevska et al., 2005) .
In this study, the correlation between urinary and dietary sugars was investigated using 24-h urine collections. An earlier study showed a significant correlation between sucrose intake and both urinary sucrose and fructose using spot urines (Luceri et al., 1996) , suggesting that 24-h urine collections may not be necessary, at least in large population samples. Using spot urine samples, we have recently shown that sugars consumption, as assessed by this biomarker, is greater in obese individuals compared with lean individuals in a large population study (Bingham et al., 2007) .
We acknowledge that these conclusions are based on findings in a small group of subjects. Hence, larger studies with free living individuals in which dietary assessments have been validated, especially for energy intake (Schatzkin et al., 2003) are needed to further verify the use of this biomarker and to assess the viability of the regression estimate proposed here. Furthermore, a study investigating the effect specifically of extrinsic versus intrinsic sugars on urinary sugars may give us more information on the characteristics of this biomarker and help us to more accurately interpret validation studies where this biomarker is to be used.
